Nitrate is reported to improve tolerance of plants towards oxygen deficiency imposed by waterlogging of the root system, but little is known of the mechanism underlying the phenomenon. We studied the metabolism of nitrate in roots under hypoxia, using soybean plants growing in a hydroponic system after suspending aeration and covering the surface of the nutrient solution with mineral oil. Nitrate depletion from the medium was greater under hypoxia than normoxia, but in the presence of chloramphenicol, consumption under hypoxia was significantly reduced. Nitrite accumulated in the medium under hypoxia and this was partially eliminated by chloramphenicol. Nitrate consumption sensitive to chloramphenicol was attributed to bacterial activity. Endogenous root nitrate was strongly reduced under hypoxia indicating mobilization. Although the transport of nitrate to the shoot via the xylem was also reduced under hypoxia, the severity of this reduction was dependent on the concentration of nitrate in the medium, suggesting that at least some of the nitrate in the xylem came from the medium. Root nitrate reductase was also strongly reduced under hypoxia, but recovered rapidly on return to normoxia. Overall, the data are consistent with two main metabolic fates for chloramphenicolinsensitive nitrate depletion under hypoxia: the reduction of some nitrate to nitrite (despite the reduced nitrate reductase activity) followed by its release to the medium (at least one-third of the nitrate consumed followed this route), and the transport of nitrate to the shoot. Nevertheless, it is highly unlikely that these metabolic routes account for all the nitrate consumed.
menos um terço do nitrato consumido seguiu esta rota), e o transporte de nitrato à parte aérea Contudo, é muito pouco provável que estas duas rotas metabólicas expliquem o consumo de todo nitrato.
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introDUction
Flooding is quite a common phenomenon and can occur after a short period of heavy rain, especially in poorly-drained soils. Waterlogged soils lead to a deficient supply of oxygen to the roots, in view of the diffusion rate of oxygen in water being some 10000 times slower than in air (Armstrong et al., 1994) . Once the dissolved oxygen concentration falls below that necessary to maintain a normal rate of tissue respiration, by definition, the state of hypoxia is reached. The reduced rate of respiration of waterlogged roots leads to adjustments in cell metabolism that help the plant tolerate the stress. The main metabolic change involves pyruvate which switches from oxidative to fermentation metabolism, whose principal products are lactate, ethanol and alanine (Ricard et al., 1994) .
Despite these metabolic changes contributing to flooding tolerance, different species show large variations in their degree of tolerance, depending not only on metabolic adaptability but also morpho-anatomic adaptations such as formation of aerenchyma and pneumatophors. Other factors also appear to be important. For example, it has been observed that the presence of nitrate in the flooding medium enhances tolerance (Malavolta, 1954; Trought and Drew, 1981; Prioul and Guyot, 1985; Bacanamwo and Purcell, 1999a,b; kaiser and Huber, 2001; Magalhães et al., 2002) although the mechanism involved is not understood (see Sousa and Sodek, 2002a) . In a previous study (Thomas and Sodek 2005) , it was shown that tolerance of soybean to flooding was enhanced by NO 3 -but not by other N sources. Little is known of the uptake and metabolism of nitrate under O 2 deficiency. Moreover, the data are conflicting. The earlier work of Lee (1978) suggests that uptake of nitrate is restricted under hypoxia of the root system and almost ceased under anoxia. Trought and Drew (1981) and Buwalda and Greenway (1989) also found reduced uptake of nitrate for wheat seedlings under anaerobic conditions. In contrast, Morard and collaborators (2004) report that nitrate loss from the medium with excised tomato roots was strongly stimulated by anoxia. As to the metabolism of nitrate, Lee (1978) reported diminished reduction and assimilation. A hypothesis that nitrate respiration may explain the beneficial effect on flooding tolerance was proposed, since the recycling of NAD by nitrate reduction (nitrate respiration) would substitute for ethanol formation in this role (GarciaNovo and Crawford, 1973; Roberts et al., 1985) . Support for the hypothesis may be found in the work of Fan and collaborators (1997) where nitrate reduced the production of ethanol in rice coleoptiles. However, in excised roots of barley (Lee, 1978) and rice (Reggiani et al., 1985b) more, not less, ethanol was produced in the presence of nitrate, thus throwing doubt upon the hypothesis. More recent evidence suggests that the beneficial effect of nitrate may involve its metabolic product nitrite (Libourel et al, 2006; Stoimenova et al, 2007) .
In view of the practical implications for agriculture (Lee, 1978) of the beneficial effect of nitrate during flooding, information on nitrate uptake and its metabolism under these conditions is of fundamental importance for unravelling the mechanism involved in tolerance. In this investigation, as an initial step towards metabolic studies, our aim was to establish suitable conditions for such a study and obtain preliminary data on the uptake and metabolism of nitrate in soybean roots under hypoxia. Since pH and nitrate concentration in the medium can be important factors in this process, the process was studied in relation to such variables together with an assessment of the metabolic fate of nitrate after uptake by the hypoxic root system. Fehr et al. (1971) ) seedlings were transplanted to a hydroponic system. Each pot contained 3 plants and a total volume of 2.5 L of nutrient solution (N source=NO 3 -) of Hoagland and Arnon (1950) at 1/3 strength, under constant aeration with compressed air (normoxia). The solution was changed every week and the pH adjusted daily to 6.5 with H 2 SO 4 .
Material anD MethoDs

Plants
Experimental set-up:
The experiments with hypoxia were carried out with plants growing in a hydroponic system as described, when plants reached the V4 stage (Fehr et al., 1971 ) of development. The treatments used were the substitution of the nutrient solution with others at 3 different concentrations and 3 different initial pHs. The hypoxia treatment was initiated at this time by suspending the aeration of the hydroponic system together with the addition of sufficient (70 mL) mineral oil to cover the surface of the nutrient solution. Normally, this treatment was maintained for 4 days. In some experiments, after this period, the oil was removed with a sponge and aeration reinitiated to return the plants to normoxic conditions.
Extraction of metabolites:
On harvest, the root system was washed with tap water and finally with distilled water before removing excess moisture with paper towels. The whole root system was pulverized to a fine powder under liquid nitrogen in a mortar and pestle. One g of the powder was extracted for 24 h with 10 mL of MCW (methanol:chloroform:water 12:5:3 v/v) according to Bielski and Turner (1966) with minor modifications. The extract was then centrifuged at 4000g for 10 min. and the supernatant transferred to a measuring cylinder. The pellet was resuspended in 5 mL of MCW, mixed for 10 min. and then centrifuged. The volume of the combined supernatants was measured and more chloroform (1 vol.) and water (1.5 vol) added sequentially to the supernatant (4 vol.) in a separating funnel. After shaking vigorously, the mixture was left to stand until complete separation of phases. The aqueous (upper) phase was collected and its volume reduced by a stream of N 2 , the volume recorded and stored at -20ºC until analysis.
Xylem bleeding sap: Xylem bleeding sap was collected according to McClure & Israel (1979) .
Nitrate, nitrite and total amino acid determinations: Nitrate was determined according to the method of Cataldo et al. (1975) , and nitrite according to Hageman and Reed (1980) . Total amino acids were determined by the ninhydrin method of yemm and Cocking (1955), using leucine as a standard.
Nitrate reductase (NR) extraction and assay: The root system was initially washed in tap-water and finally distilled water and excess moisture removed by blotting on paper towels before maceration in a mortar and pestle with liquid nitrogen. The resulting powder was extracted (1 g in 3 mL) in ice-cold 50 mM Hepes-kOH buffer, pH 7.6, containing 5 mM EDTA, 10 µM FAD, 3% (w/v) casein and 1 mM DTT. After centrifugation at 16.000 x g for 10 min at 4 o C, the supernatant was desalted on a PD 10 (Amersham Biosciences -Sephadex G25) column equilibrated with the extraction buffer. The desalted protein fraction was assayed for nitrate reductase (E.C.1.6.6.1) activity in a mixture containing 50 mM Hepes-kOH, pH 7.6, 5 mM EDTA, 10 µM FAD, 1 mM DTT, 0.1 mM NADH, 0.2 mM kNO 3 in a total volume of 1 mL carried out in a 1.5 mL eppendorf centrifuge tube. The assays were incubated at 30 o C for 0, 15 and 30 min and mixed immediately with 125 µL of 500 mM Zn acetate to stop the reaction. The mixture was centrifuged at 16,000 x g for 4 min and the supernatant assayed for the product, nitrite, according to Hageman and Reed (1980) . This consisted of the sample diluted to 2 mL with water and mixed with 1 mL of 1% (w/v) sulphanilamide in 1.5 N HCl and 1 mL of 0.02% (w/v) N-(naphthyl)-ethylenediamine.2HCl. After 30 min the optical density was read in a spectrophotometer at 540 nm against a blank. Under the described assay conditions activity was linear with time for up to 1 h (confirmed in routine assays over the 30 min incubation period) and proportional to the amount of extract added.
Assay notes: Preliminary tests showed that the inclusion of 1% PVP or 10 µM leupeptin during extraction did not increase extractable activity and were not used. On the other hand, increasing the concentration of casein from 0.05% (Botrel et al., 1996) to 3% was found to be beneficial. The addition of PMS (10 µM) before the assay of nitrite (Botrel et al., 1996) , used to oxidize surplus NADH and thereby avoid interference in the nitrite assay, was omitted since in our assay it had no effect.
Statistical Analysis: Each treatment consisted of 3 independent replicates and each replicate was the pooled material from 3 plants in a single pot. The data were subjected to an analysis of variance and differences between treatment means tested for significance by the Tukey test or Duncan's multiple range test (Snedecor and Cochran 1967) at the 5% probability level.
resUlts
Consumption of nitrate under hypoxia:
The basic system used in this study consisted of soybean plants cultivated in hydroponics with a nutrient solution containing nitrate which was then subjected to hypoxia of the root system. Three concentrations of nitrate were used in the nutrient solution together with three initial pHs. Nitrate content in the medium was reduced over the 4 d experimental period in both the control (normoxia) and under hypoxia, but consumption was greater under hypoxia ( Fig. 1) . Consumption under hypoxia was in the range 8.8 to 14.5 mmol per pot and under normoxia, 4.0 to 8.5 mmol, depending on the initial pH and external nitrate concentration. However, the influence of nitrate concentration and pH on consumption was not strong. Increasing concentrations of nitrate in the medium resulted in small but significant increases in consumption under hypoxia at pH 5.5 and 8, but not at pH 6.5, whereas in the controls there was little effect except at pH 6.5 where consumption decreased somewhat with increasing concentration. and hypoxia (open bars) over a 4-day period of treatment. Treatments: different initial concentrations of nitrate (full strength "1/1" nutrient solution = 15 mM nitrate, half strength "1/2" = 7.5 mM, one-third strength "1/3" = 5 mM) and initial pHs (5.5, 6.5 and 8.0). All levels of nitrate consumption under hypoxia were significantly different from the corresponding level under normoxia, except for pH5.5 1/3 NO 3 -(Tukey test, P≤ 5%) (not shown in figure) .
The small variations in consumption at different initial pHs did not show any clear pattern. In part, the fact that the final pH (Fig. 2) at the end of the 4-day experimental period was the same or very similar for all initial pHs tested may have masked any effect of pH here. Thus under normoxia the final pH (after 4 d) was around 7.5 irrespective of the initial pH and under hypoxia it was close to 6.5. Since in general initial pH and nitrate concentration (in the range studied) did not cause large variations in nitrate consumption, for routine studies pH 6.5 was chosen together with nutrient solution at half normal strength. The fact that pH would remain unaltered under hypoxia at 6.5 was useful in view of the difficulty in adjusting the pH of the medium when the surface is covered by mineral oil. The pH experiment was repeated at the initial pH of 6.5 (Fig. 3) . Again, under normoxia the pH rose over the first 2 days to just above pH 7.5 where it remained up to the end of the experiment at 8 days. Under hypoxia the initial pH of 6.5 was maintained, as before, but when the system was allowed to return to normoxia after 4 d under hypoxia, the pH rose rapidly to just above pH 7.5, coinciding with the value shown by the controls. In view of the fact that the final pH of the control was quite different from that of the treatment with hypoxia, this, rather than hypoxia itself, could underlie the greater consumption of nitrate observed under hypoxia in the previous experiment where only the initial pH was fixed (Fig. 1) . Therefore, a further experiment was conducted to measure nitrate consumption where the initial pH of 6.5 was maintained in the control by daily adjustments of pH. However, from the data in Table 1 it may be seen that the consumption in the control (normoxia) was the same whether the pH was controlled or not (difference not statistically significant), and again the consumption was higher under hypoxia where the pH characteristically remains constant at pH 6.5. Nitrate content of the roots: Using the plants from the same experiment that produced the data shown in Fig. 1 , an analysis was made of the nitrate content of the roots following 4 d hypoxia at different initial pH and nitrate concentrations. The data are shown in Fig. 4 . Under normoxia (Fig. 4A ) it may be seen that for all treatments the endogenous root nitrate content after 4 d showed a small general increase relative to that found at the beginning of the experiment. However, only the increase for 15 mM nitrate at pH 8 was statistically significant. Although there was a tendency for higher endogenous nitrate content with higher initial pH, the differences were not significant. Nor did nitrate concentration in the medium have any significant effect on the final endogenous content, at any pH. Overall, the data for normoxia show a tendency for nitrate to accumulate further in the roots under this condition. The data for the hypoxia treatment, however, showed a quite different situation (Fig 4B) . Here, the root endogenous nitrate was strongly reduced over the 4 days of hypoxia. This effect was independent of the initial pH and nitrate concentration, since there was no significant difference between the final levels at 4 d for any of the treatments. (closed)). Means (±SE) followed by a different letter are significantly different by Duncan's multiple range test (P ≤ 5%). ***(hypoxia): day 0 different from any other value (P ≤ 0.1%). Normoxia: day 0 not significantly different from any other value except 15 mM/pH8 (P ≤ 5%).
Nitrate content of the xylem bleeding sap: Data for the nitrate content of the xylem bleeding sap from the same experiment as above are shown in Fig. 5 . At day 0, the sap contains nearly 20 µmol/mL of nitrate. Under normoxia (Fig. 5A ), after 4 days at different initial pHs and nitrate concentrations, there is a fairly strong tendency for greater transport of nitrate in the xylem at higher nitrate concentrations in the medium. The nitrate concentration in the medium shows a stronger effect on xylem nitrate transport at pHs 6.5 and 8. Relative to the day 0 value, the xylem nitrate content shows a decline at the lowest level of nitrate feeding and an increase at the highest level, significant at pHs 6.5 and 8. Under hypoxia (Fig 5B) , there is a strong decline in nitrate content of the xylem for all treatments, but the data do show a positive effect of nitrate concentration in the medium (that is, a smaller reduction in nitrate transport at higher levels of nitrate in the medium) and an overall lack of effect of pH, as was seen for normoxia. The level of nitrate in the xylem sap was significantly lower under hypoxia than normoxia for any concentration of nitrate in the medium and any initial pH (cf. Fig 5A and 5B -statistical data not shown). .5 mM (hatched) and 15 mM (closed)). Means (±SE) followed by a different letter (within pH) are significantly different by Duncan's multiple range test (P ≤ 5%). **(hypoxia) day 0 different from any other value (P ≤ 1%). Normoxia: day 0 not significantly different from any other value except 15 mM/pH8, 5 mM/pH8 and 5 mM/pH6.5 (P ≤ 5%).
Nitrite formation in the medium and the influence of chloramphenicol:
One possible explanation for the higher consumption of nitrate in the medium under hypoxia might be its metabolism by microorganisms in the medium itself. Two approaches were used to investigate this possibility: measurement of nitrite formation (the immediate product of nitrate reduction) and measurement of nitrate consumption in the presence of the antibiotic chloramphenicol (CAP). This antibiotic was chosen in view of its specificity as an inhibitor of protein synthesis on 70S ribosomes as found in bacteria, but ineffective with 80S ribosomes as found in the plant cell cytoplasm. The concentration used (50 µM) inhibits bacteria (Brock 1961 ) but much higher concentrations are required before any effect on plant systems is observed (Rabson and Novelli 1960, Stoner et al., 1964) especially with intact plant tissue (Margulies 1962) . It may be seen from the data in Table  2 that nitrite was indeed found in the medium under hypoxia and that CAP inhibited both nitrate consumption and nitrite accumulation under these conditions. Nitrite formation under hypoxia was reduced by over 50% in the presence of CAP. The inhibition of nitrate consumption was also only partial, being reduced to a level similar to that under normoxia. No nitrite was found in the medium under normoxia, nor did CAP have any significant affect on pH changes or nitrate consumption under these conditions. Effectively, CAP eliminated the extra consumption of nitrate found under hypoxia compared with normoxia. This was very close to the reduction in nitrite accumulation in the medium due to CAP, suggesting that microbial nitrate reductase activity was responsible. It might be added that the total amount of nitrite accumulated was about half of the total nitrate consumed under hypoxia in the absence of CAP and 31% when CAP was present.
Nitrate and amino acid mobilization in the root:
The levels of endogenous nitrate in the root and transport in the xylem to the shoot (Table 3) were significantly reduced after the root system had been subjected to hypoxia for 4 d. Under normoxia, on the other hand, levels remained similar to those on day 0. The presence of CAP in the medium had no significant effect. Amino acid levels, on the other hand, increased sharply under hypoxia both in the roots and in the xylem sap (Table 4) . Under normoxia there was no change. Again, CAP had no significant influence on amino acid levels for both hypoxia and normoxia. b Means (±SE) followed by a different letter are significantly different by the Tukey test (P ≤ 5%).
Nitrate reductase: The nitrate reductase (NR) activity of the roots declined sharply during the 4 d period of hypoxia of the root system (Table 5) . Under normoxia, the high initial values were maintained. Upon return from hypoxia, the activity rose sharply reaching the initial value within 1d. These data reflect the total NR activity (active plus inactive forms) since the in vitro assay was conducted in the presence of EDTA which transforms the inactive to the active form. Assays conducted in the presence of Mg 2+ ions which preserves the inactive form showed that about 26% of the total activity was in the active form and this varied little throughout the experiment (data not shown). 
DiscUssion
Despite the beneficial role of nitrate in flooding tolerance of plants (see Introduction) little is known of the mechanism underlying this phenomenon. Conflicting data in the literature adds to the complexity of the phenomenon, much of which may be attributed to the use of a diversity of experimental systems (mainly, hypoxia x anoxia, intact plants x excised roots, sterile x nonsterile systems). Our own data with the root system of intact soybean plants under hypoxia in nonsterile hydroponics show that nitrate consumption is higher than that for normoxia. This contrasts some data in the literature where lower rates of uptake have been found under O 2 deficiency (Lee, 1978; Trought and Drew, 1981; Reggiani et al., 1985a; Buwalda and Greenway, 1989) but is in agreement with Morard and colleagues (2004) who likewise found higher nitrate uptake in excised tomato roots under anoxia. Since our experimental system involved whole plants where nitrate taken up will be metabolised and distributed throughout the plant, we measured nitrate depletion from the medium rather than uptake. However, the system is not sterile, and in doing so there is the possibility that nitrate may be metabolized by microbial activity in the medium. Nitrate can be transformed by bacteria under anaerobic conditions to nitrite, nitrous oxide and nitrogen, a process known as dissimilatory nitrate reduction (Brock, 1970) . It was found that bacterial activity did indeed account for some of the nitrate depleted from the medium under hypoxia in our experimental system. The use of the antibiotic CAP in the medium reduced the consumption of nitrate under hypoxia to levels close to those found in the controls (normoxia). The accumulation of nitrite in the medium was also reduced by CAP, but not eliminated. Nevertheless, the reduction in nitrite formation due to CAP was similar to the reduction in nitrate consumption. This strongly suggests that at least some of the nitrate consumed under hypoxia can be explained by microbial activity in the medium. It is noteworthy that CAP did not alter the quantities of metabolites found in the roots or xylem, consistent with the concentration used being below that normally required to affect the plant (Stoner et al., 1964) but sufficient to suppress bacterial growth (Brock, 1961) .
Nevertheless, after discounting the CAP-sensitive nitrate consumption in the medium, there is still an appreciable quantity of nitrate consumed under hypoxia that needs to be accounted for. Despite nitrate consumption under hypoxia being of the same order as for normoxia, it appears extremely unlikely that the consumption of nitrate under hypoxia follows the same metabolic pathways with similar intensities as that under normoxia, especially considering the contrasting levels of nitrate and amino acids found for normoxia and hypoxia in both the xylem sap and root tissue, plus the formation of nitrite (the CAP-insensitive fraction) found for hypoxia but not normoxia. Once nitrate has been taken up from the medium there are three main metabolic fates for this ion in root cells. First, it may be stored in the vacuole and this would represent most of the endogenous nitrate measured in the root tissue. Second, it may be reduced and assimilated forming amino acids, some of which are transported to the shoot via xylem. Third, it may be transported in the xylem for reduction and assimilation in the shoot. Nitrate content of the xylem sap would, therefore, be a reflection of the third process. Despite the high consumption of nitrate from the medium under hypoxia indicating as much uptake as that under normoxia, nitrate levels in the xylem sap were strongly reduced under hypoxia, as reported previously for soybean (Puiatti and Sodek, 1999; Sousa and Sodek, 2002b) , and other plants under anoxia . The nitrate transported to the shoot under hypoxia may also originate from the declining endogenous nitrate pool and does not necessarily represent exogenous nitrate taken up from the medium. However, the amount of nitrate transported via xylem to the shoot was sensitive to the concentration of nitrate in the medium (Fig. 5 ) consistent with its uptake from the medium contributing to this route. From the large variations in nitrate transport obtained at different exogenous levels, it would appear that this route may well account for a significant fraction of the nitrate depleted from the medium under hypoxia. It is unlikely to account for a major fraction of the nitrate consumed however, since the similar nitrate consumption under normoxia was associated with much higher nitrate levels in the xylem sap.
Reduction and assimilation of nitrate is another important metabolic route for consideration here. In plants, green leaves are one the main sites of nitrate assimilation, which depends on the translocation of nitrate from the roots via xylem but roots can also make an important contribution, depending on the species (Smirnoff and Stewart, 1985) . In soybean, the roots can account for as much as 30% of the total nitrate assimilation in the plant (Crafts-Brandner and Harper, 1982) . However, under anaerobic conditions assimilation of nitrate in the roots may be seriously restricted. First, the activity of the enzyme NR, responsible for the initial step in nitrate reduction and assimilation, was found to decline sharply soon after hypoxia. This result was unexpected in view of other data in the literature where root NR activity was shown to increase under anaerobic conditions in several different species (Garcia-Novo and Crawford, 1973; Prioul and Guyot, 1985; Glaab and kaiser, 1993; Botrel et al., 1996; Morard et al., 2004) . Indeed, hypoxia has been shown to favour the active form of the enzyme in a phosphorylation/dephosphorylation mechanism of activation/ inactivation (kaiser and Huber, 2001 ) but in our system not only did the total activity decrease (Table 5 ) but the proportion of the active:inactive forms did not change appreciably (data not shown). Second, the activity of nitrite reductase, the second enzyme of the assimilatory pathway, depends on the presence of oxygen (Lee, 1979; Botrel et al., 1996) . The situation may not, however, be so clear under hypoxia where a small amount of oxygen is present (Lee, 1979) and indeed Lee (1978) found nitrate assimilation rates were less affected under hypoxia compared to anoxia. Although high rates of nitrate assimilation are found under anoxia in germinating rice (Reggiani et al., 1997) , this may be a case apart in view of the high tolerance of this species to anaerobic conditions. Nevertheless, besides the lower activity of nitrate reductase, the accumulation of nitrite in our system under hypoxia is a clear indication that the further reduction and assimilation of nitrate was strongly impaired. On the other hand, since amino acids are products of nitrate assimilation, the elevated amino acid content of the roots and xylem might signal increased rather than reduced assimilation under hypoxia. However, the lower consumption of nitrate (discounting that which was not metabolized beyond nitrite) compared to that found for normoxia is not consistent with the elevated amino acid levels in the root, which were over 4 times greater under hypoxia (Table 4) , arising as products of local nitrate assimilation. Evidently some other source of N must be responsible for much of the elevated amino acid content of roots under hypoxia. This is unlikely to be the proteolysis of root proteins since protein content of the root also increases under hypoxia (Sousa and Sodek, 2002b ). An unexplored possibility is the transport of amino acids from the aerial parts via phloem to the roots.
Despite reduced nitrate reductase activity of the roots, the data do indicate appreciable nitrate reduction, but with little further reduction or assimilation, in view of the accumulation of nitrite in the medium. Nitrite accumulation in the medium, after discounting that sensitive to CAP, represented 31% of the nitrate consumed. Such activity appears, therefore, to account for a sizeable proportion of the total nitrate consumed under hypoxia. From a study of nitrate metabolism in excised tomato roots under anoxia, Morard and colleagues (2004) also found accumulation of nitrite in the medium which they attributed to nitrate reductase activity in the roots followed by efficient release to the medium. Since nitrite could account for only about half of the nitrate depleted from the medium they proposed that some nitrite might have been transformed to NO, involving a side reaction of nitrate reductase (yamasaki and Sakihama, 2000; Rockel et al., 2002) . The proposal has great interest in terms of tolerance since NO is regarded as a signal molecule involved in several stress responses, including oxygen deficiency (Magalhães et al., 2002) . However, in the experiments of Morard and colleagues, in contrast to our own, nitrate reductase activity increased, consistent with their hypothesis, although the NR-mRNA levels did decrease after 24 h (Allègre et al., 2004) . On the other hand, root mitochondria can also convert nitrite to NO under anaerobic conditions (Stoimenova et al., 2007) which is attractive because the process is linked to ATP generation and NAD(P)H reoxidation. The accumulation of nitrite in the medium under hypoxia found here and elsewhere Libourel et al., 2006) may, therefore, favour this alternative route of nitrate metabolism.
The remaining possibility, that some of the nitrate consumed under hypoxia was stored in the vacuole of root cells, can be ruled out in view of the fact that the endogenous levels declined sharply (Fig. 4 and Table 3 ). A similar decline in endogenous levels was seen in a previous study where it was calculated that the mobilization of endogenous nitrate could account for much of the increase in reduced N compounds found in the hypoxic root, such as amino acids (Sousa and Sodek, 2002b) . Under normoxia, on the other hand, the endogenous level of nitrate was maintained or even increased over the 4d experimental period (Fig. 4) . Mobilization of the endogenous pool of nitrate is seen when plants are transferred to a N-free medium (Puiatti and Sodek, 1999) and therefore indicative that there is no surplus nitrate for storage either because of reduced uptake or that other metabolic routes become preferential, or both. As discussed above, the evidence favours two pathways of nitrate metabolism under hypoxia: transport to the shoot via xylem and nitrate reduction in the root together with the release of the nitrite formed to the medium. The mobilized endogenous pool of nitrate may, too, follow either or both of these pathways.
Evidently our understanding of nitrate metabolism during hypoxia of the root system is just beginning to unfold. The present investigation establishes some of the conditions required for conducting such a study with the intact soybean plant, and shows that nitrate metabolism suffers a radical change under hypoxia. The data suggest that as much nitrate may be taken up from the medium under hypoxia as normoxia (discounting nitrate depletion sensitive to the antibiotic CAP). Of the more commonly found pathways of nitrate utilization, it appears that under hypoxia: nitrate is not accumulated in the root; a significant but reduced fraction is transported via xylem to the shoot; and, although reduction and especially assimilation are apparently diminished, reduction (leading to nitrite accumulation in the medium) represents a sizeable proportion of the nitrate metabolized. Nevertheless, these pathways cannot account for all the nitrate consumed under hypoxia, which leaves room for other proposals such as the transformation of nitrite to NO Stoimenova et al (2007) .
conclUsions
Large differences in the metabolism of nitrate were found for the root system of soybean maintained in a hydroponic medium under hypoxia compared with normoxia, despite the consumption of nitrate over the 4-day experimental period being of the same order. Consumption of nitrate under hypoxia was even greater if bacterial activity in the medium was not controlled with antibiotic. Nitrate assimilation in the roots and the transport of nitrate to the shoot via xylem under hypoxia were only a small fraction of that under normoxia. No nitrate accumulated in the roots under hypoxia; rather, endogenous nitrate was mobilized. A significant portion of nitrate was reduced to nitrite which accumulated in the medium. Other pathways of nitrate metabolism must be sought to explain much of the nitrate consumed under hypoxia.
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